Introduction: We investigated the influence of different inclusion criteria for preclinical and prodromal Alzheimer's disease (AD) on changes in biomarkers and cognitive markers and on trial sample size estimates. Methods: We selected 522 cognitively normal subjects and 872 subjects with mild cognitive impairment from the Alzheimer's Disease Neuroimaging Initiative study. Compared inclusion criteria were (1) preclinical or prodromal AD (amyloid marker abnormal); (2) preclinical or prodromal AD stage-1 (amyloid marker abnormal, injury marker normal); and (3) preclinical or prodromal AD stage-2 (amyloid and injury markers abnormal). Outcome measures were amyloid, neuronal injury, and cognitive markers. 
Introduction
Alzheimer's disease (AD)-modifying therapy, targeting amyloid, is probably most effective when administered early, that is, before the stage of dementia. A number of research criteria have been proposed to identify nondemented subjects with AD based on the presence of AD biomarkers [1] [2] [3] . They can be applied in subjects without cognitive impairment (asymptomatic at risk for AD or preclinical AD) and subjects with mild cognitive impairment (MCI) (MCI due to AD or prodromal AD). However, these criteria allow for different combinations of AD pathology biomarkers, and it is unknown whether this impacts on observed changes in outcome measures. For trial design, it is critical to understand how selection criteria for subjects at such early stages of the disease influence change in outcome measures. Previous studies on outcome measures typically had a short follow-up, did not compare the effect of different inclusion criteria, or restricted their analyses to a limited set of outcome measures [4] [5] [6] [7] [8] [9] [10] [11] [12] .
The aim of our study was to investigate whether changes in outcome measures are dependent on the inclusion criteria for preclinical and prodromal AD used. We studied three definitions for preclinical and prodromal AD: (1) having abnormal amyloid markers; (2) having abnormal amyloid markers and normal neuronal injury markers; and (3) having both abnormal amyloid and neuronal injury markers. As outcome measures, we used biomarkers for amyloid b (Ab) in cerebrospinal fluid (CSF) or on positron emission tomography (PET), CSF tau, fludeoxyglucose PET (FDG-PET), brain atrophy measured with magnetic resonance imaging (MRI), and measures of cognitive functioning. To study the potential effects of different combinations of inclusion criteria and outcome measures on trial design, we calculated sample sizes for a hypothetical 3-year placebo-controlled trial in subjects at predementia AD stages. To study the additive value of biomarkers to define predementia AD, we also calculated slopes and sample sizes for subjects with normal cognition and MCI, regardless of their biomarker status.
Methods

Alzheimer's Disease Neuroimaging Initiative study
We studied data from subjects that participated in the Alzheimer's Disease Neuroimaging Initiative (ADNI) study (adni. loni.usc.edu). The ADNI was launched in 2003 as a publicprivate partnership, led by Principal Investigator Michael W. Weiner, MD. The primary goal of ADNI has been to test whether serial MRI, PET, other biological markers, and clinical and neuropsychological assessment can be combined to measure the progression of MCI and early AD.
Participants
We selected all participants with normal cognition (N 5 522) or MCI (N 5 872) from ADNI-1, ADNI-2, and ADNI-GO who had baseline and follow-up data available for at least one visit within a 3-year period for several biomarkers and cognitive tests (explained in more detail below). The ADNI inclusion criteria for participants with normal cognition were absence of memory complaints, a MiniMental State Examination (MMSE) [13] score of 24-30, a Clinical Dementia Rating (CDR) [14] score of 0, and no MCI or dementia diagnosis. The inclusion criteria for subjects with MCI were memory complaints, objective memory loss, an MMSE score between 24 and 30, and a CDR score of 0.5. Exclusion criteria were the absence of an informant, a score of .4 on the modified Hachinski scale [15] , and score of .5 on the Geriatric Depression Scale [16] , additional diseases expected to interfere with the study, use of investigational agents, multiple trial participation, and findings showing other reasons for cognitive problems. Permitted medication had to be stable for at least 4 weeks before screening. We downloaded ADNI data at 31st March, 2014.
Subject classification based on AD biomarkers
Subjects were classified as preclinical or prodromal AD with the use of AD biomarkers for amyloidosis and/or neuronal injury (see below), as proposed by International Work Group-2 (IWG-2) or National Institute on Aging and Alzheimer's Association (NIA-AA) research criteria [1] [2] [3] . As a marker for amyloidosis we used CSF Ab 1-42 or 18 F-AV-45-PET, and as marker of neuronal injury we used CSF tau or FDG-PET. If both modalities were present for a given subject, we used their PET measures because they are more commonly used in practice. Subjects with normal cognition were classified as preclinical AD when they had abnormal amyloid, without taking into account neuronal injury markers; as preclinical AD stage-1 if they had abnormal amyloid and a normal injury marker; and as preclinical AD stage-2 if both the amyloid and injury markers were abnormal. MCI subjects were similarly classified as prodromal AD if the amyloid marker was abnormal, without taking into account neuronal injury markers; as prodromal AD stage-1 if the amyloid marker was abnormal but the injury marker normal; and as prodromal AD stage-2 if both the amyloid and injury marker were abnormal. Fig. 1 gives an overview of classification of subjects according to these criteria.
Baseline assessment and longitudinal assessment
Subjects underwent a standardized assessment that included neurological, physical, and neuropsychological examinations, collection of CSF and blood, and performance of MRI and PET scanning. For 32 cognitively normal and 23 MCI subjects, amyloid assessment was performed at follow-up only; and for these subjects, we used the first follow-up assessment with this measure as the baseline visit. The protocols for data collection are described in detail at http://www.loni.ucla.edu/ADNI/Data/ADNI_Data.shtml. Cognitive measures were collected at baseline and at 6 monthly follow-up assessments; biomarkers were collected at baseline and annually.
CSF analysis
CSF samples were available at baseline for 174 subjects with normal cognition and in 398 subjects with MCI. CSF samples were collected by lumbar puncture and shipped on dry ice to the Penn ADNI Biomarker Core Laboratory at the University of Pennsylvania, Philadelphia for storage until further analysis. CSF was analyzed using a multiplex xMAP Luminex platform (Luminex Corp) with immunoassay kit-based reagents (INNO-BIA AlzBio3; Innogenetics; www.adni-info.org) as described elsewhere [17] . Baseline and follow-up samples were analyzed in the same batch. The cutoff value for abnormal CSF Ab 1-42 levels was ,192 pg/mL and for tau .92 pg/mL.
Amyloid-PET analyses
Amyloid
18 F-AV-45-PET was available for 286 cognitively normal and 485 MCI subjects. Data were acquired 50 minutes after injection for 20 minutes. In case of motion artifacts, another 20 minutes of scanning was acquired. For each subject, a florbetapir composite standard uptake value ratio (SUVr) was created as a mean binding of four cortical regions (frontal, anterior/posterior cingulate, parietal cortex, and temporal cortex as determined with FreeSurfer v4.5.0 and after coregistration of PET and MRI data with SPM5), divided by the reference region (whole cerebellum). An uptake in the measure above 1.11 was considered to be abnormal [18] .
FDG-PET analyses
FDG-PET was available for 402 cognitively normal and 674 MCI subjects. FDG data were acquired 30 to 60 minutes after injection. After preprocessing, images were spatially normalized in SPM5 to Montreal Neurological Institute (MNI) PET template. Meta-analytically derived regionsof-interest (MetaROIs) were calculated that includes FDG uptake in bilateral angular gyrus, posterior cingular gyrus, and bilateral inferior temporal gyrus. Each MetaROI was normalized to a reference region composed of the pons and vermis. Total FDG uptake was calculated as a mean of the five individual MetaROIs (www.adni-info.org). FDG uptake on PET below 1.21 was considered as abnormal [19] .
MRI analyses
Whole brain structural scans were acquired with 1.5T or 3.0T MRI scanners. We analyzed three MRI-based outcome measures: whole-brain, ventricular, and hippocampal volumes. For measurement of whole-brain and ventricular volumes, the boundary shift integral was used [20, 21] . Hippocampal volumes were measured, using FreeSurfer 
Cognitive assessment
We used the CDR sum of boxes (CDR-sob), MMSE, and Alzheimer's Disease Assessment Scale-cognitive (ADASCog 11 item) [23] to assess cognition. In addition, we calculated the Alzheimer Disease Cooperative Study Preclinical Alzheimer Cognitive Composite (ADCS-PACC), which is a composite score of the total score of the delayed word recall on the ADAS-Cog subscale, the delayed recall score on the logical memory subscale II from the Wechsler Memory Scale, the digit symbol substitution test score from the Wechsler Adult Intelligence Scale-revised, and the total MMSE score [24] . Because the digit symbol substitution test score was only available for ADNI-1 subjects, we also constructed a PACC-like score, without this test.
Data analysis
Statistical analyses were performed with SPSS, version 20.0 for the Macintosh.
Linear mixed models (with covariates for age, sex, and level of education) were used to test the following effects: (1) we tested whether baseline scores differed between preclinical AD stage-1 and stage-2 and between subjects with prodromal AD stage-1 and stage-2 (i.e., differences in intercepts); (2) changes over time were assessed by testing whether slopes differed from 0 and whether they differed between subjects in preclinical AD stage-1 and stage-2 and between subjects in prodromal AD stage-1 and stage-2. For slope analyses, we used an unstructured covariance matrix, assuming a random intercept and fixed slope, and used follow-up time as repeated measure. We assumed a linear change in time (time coded with a quadratic term was not statistically significant). Separate analyses were performed for each criterion used to classify predementia AD. Difference with a P-value ,.05 were considered to be statistically significant. Sample size was estimated for a hypothetical 3-year randomized-controlled trial with two arms, showing an expected treatment effect of 25% reduction of decline in outcome measures with a power of 80%, a two-sided alpha of 5%, and a 10% annual dropout rate using the following formula [25] :
with D as the difference in mean rate of decline in treatment versus control, s 2 e as the residual error variance of the mixed effects model, a as the type I error rate of a two-sided test and 12b as the power, t i as the times i at which measures were made, and t mean as the average follow-up time. The total sample size n required for a trial was then obtained by multiplying this estimation by 2 and adjusted for an annual dropout rate of 10% over the course of 3 years (n/arm* 2 * 1.11 3 ). Finally, we calculated the numbers needed to be screened, which is the sample size needed in a specific subgroup divided by the prevalence of this group in subjects with the same cognitive status. All analyses were stratified for baseline diagnosis. Table 1 shows the baseline characteristics of the subjects with normal cognition according to different classification criteria. Subjects classified as preclinical AD stage-2 were older (P 5 .036), had smaller hippocampal volumes (P 5 .014), and, by definition, higher CSF tau and lower FDG-PET binding (P , .001) in comparison to preclinical stage-1 subjects. Table 2 shows the change in biomarkers and cognitive markers over time. In subjects with normal cognition, regardless of biomarkers status, all markers showed worsening over time, except for the ADAS-Cog, and both ADCS-PACC composite scores. Subjects with preclinical AD and preclinical AD stage-1 showed increases over time in amyloid PET, CSF tau levels, CDR-sob and ventricular volumes, and decreases in FDG-PET, whole-brain volume, and hippocampal volume. Subjects with preclinical AD stage-2 showed increases over time in ventricular volume and the CDR-sob, and decreases in CSF Ab 1-42 levels, whole-brain volume, and hippocampal volume. In subjects with preclinical AD, the rate of hippocampal volume loss and increase in CDR-sob were faster for those classified as belonging to stage-2 than those to stage-1 ( Table 2) . Table 3 shows the baseline characteristics of subjects with MCI according to the different classification criteria. Subjects with prodromal AD stage-2 were more often apolipoprotein ε4 (APOE ε4) positive (P 5.003), had higher amyloid binding on 18 F-AV-45-PET (P 5 .0001), smaller whole-brain and hippocampal volumes (P 5 .0001), worse scores on cognitive tests (CDR-sob and ADAS-Cog P 5 .0001, MMSE P 5 .001, ADCS-PACC without digit symbol test P 5 .029), and, by definition, higher CSF tau levels and lower FDG-PET binding (P 5 .0001) than subjects with prodromal AD stage-1.
Results
Baseline characteristics and longitudinal change in outcome measures in subjects with normal cognition
Baseline characteristics and longitudinal change in outcome measures in subjects with MCI
In the total group of MCI subjects, regardless of their biomarker status, all markers showed worsening over time (Table 4) . In all subgroups of MCI patients, most markers became progressively worse over time, except for 18 F-AV-45-PET in the total prodromal AD and prodromal AD stage-2 subjects, and for CSF Ab 1-42 levels in prodromal AD stage-1 patients. Whole-brain volume loss and hippocampal volume loss and worsening in cognitive test scores over time occurred faster in subjects with prodromal AD stage-2 than in subjects with prodromal AD stage-1 (Table 4) . For subjects with normal cognition, sample size estimates ranged from 81-32,750 (Table 5 ). The smallest sample sizes were estimated for brain volumetric outcome measures, irrespective of the inclusion criteria used. In preclinical AD stage-1, an intermediately small sample size was estimated with 18 F-AV-45-PET as outcome measure (n 5 436). Cognitive outcome measures resulted in the largest sample size estimates, regardless of the inclusion criteria used. Numbers-needed-for-screening were two to three times larger for subjects with preclinical AD and preclinical AD stage-1 compared with cognitively normal subjects with unspecified biomarker status, when MRI measures, FDG-PET, or CSF tau were used as outcome measures (Supplementary Table  1 ). Numbers-needed-for-screening were smaller in subjects with preclinical AD and preclinical AD stage-1 when compared to subjects with normal cognition and unspecified biomarker status, when 18 F-AV-45-PETor cognitive measures were used as outcome measure. Numbers-needed-forscreening increased three to nine times in subjects with preclinical AD stage-2, regardless of the outcome measure used.
Sample size estimations for subjects with MCI
In subjects with clinical MCI, sample size estimates ranged from 165 to 9312 with the smallest sample size estimates when whole-brain volume, hippocampal volume, and ventricular volume were used as outcome measures (Table 6 ). The use of 18 F-AV-45-PET, CSF Ab 1-42 , and CSF tau as an outcome measure resulted in the largest sample size estimations. In prodromal AD, sample size was the smallest for brain volumetric measures, the CDR-sob, and ADCS-PACC. In this group, the largest sample sizes were estimated for the outcome measures CSF Ab 1-42 and CSF tau. For prodromal AD stage-1 and prodromal AD stage-2, the smallest sample sizes were estimated when using brain volumetric measures as an outcome measure. Numbersneeded-for-screening were the smallest in clinical MCI, followed by subjects with prodromal AD, prodromal AD stage-2, and prodromal AD stage-1 (Supplementary Table 2 ). NOTE. Data are mean (standard deviation) unless specified otherwise.
Discussion
Our main findings are that inclusion criteria, used to identify subjects with predementia AD, influenced the magnitude of change over time in observed outcome measures. Sample size estimates for a hypothetical 3-year clinical trial varied widely according to the combination of inclusion criteria and outcome markers applied. The smallest sample size needed to show a treatment effect was estimated for subjects with normal cognition or MCI who had both abnormal amyloid and injury markers at baseline using brain volumetric markers as outcome measure.
Subjects with normal cognition showed a worsening over time in all markers, except the ADAS-Cog, ADCS-PACC like composite score, and ADCS-PACC without digit NOTE. N after outcome variable indicates the number of subject from the total sample with at least 1 follow-up measure available. Data are mean (standard error). **P , .01, *P , .05 indicates a slope different from 0. symbol test. When taking into account biomarkers, worsening was typically greater in subjects with preclinical stage-2 than in subjects with preclinical stage-1. In subjects with MCI, all markers became more abnormal over time.
Worsening of outcome markers was greater for subjects with prodromal stage-2 than for subjects with prodromal stage-1. Our observation of larger effects in outcome measures for subjects at more advanced disease stages is in line with reports of previous studies [26] [27] [28] [29] [30] . Because subjects in stage-2 showed the most worsening over time in all outcome markers, the absolute difference between treated and nontreated groups in our hypothetical trial was the largest as well, and so subsequent sample size estimates were smaller for this group of subjects.
For all definitions of preclinical AD, brain atrophy outcome measures showed the most worsening over time and subsequently resulted in the smallest sample size estimates. This estimate was the smallest for preclinical AD stage-2. Amyloid markers showed some worsening over time, but acceptable sample size estimates based on amyloid were only obtained in preclinical AD stage-2 when CSF Ab 1-42 was used as an outcome measure and in preclinical AD stage-1 when 18 F-AV-45-PET was used. In preclinical AD stage-2, when neuronal injury was defined based on CSF tau, no changes in FDG-PET were observed, which might reflect floor effects in this group of subject and this is in line with previous studies [31, 32] . None of the cognitive measures showed decline over time. NOTE. N after outcome variable indicates the number of subject from the total sample with at least 1 follow-up measure available. Data are mean (standard error). **P , .01, *P , .05 slope different from 0. Table 5 Sample size estimates showing a treatment effect of 25% in a hypothetical 3-year trial in subjects with normal cognition at baseline NOTE. Sample size was estimated for a hypothetical 3-year randomized-controlled trial with two arms, showing an expected treatment effect of 25% reduction of decline in outcome measures with a power of 80%, a two-sided alpha of 5%, and a 10% annual dropout rate. "-" represents not calculated as slope is not significantly different from 0 (see Table 2 ). Data are mean (95% confidence interval).
Also, for all definitions of prodromal AD in MCI patients, brain atrophy outcome measures showed the most worsening over time and yielded the smallest sample size estimate. The smallest sample size estimate was observed for prodromal AD stage-2. In these subjects, amyloid measures and CSF tau levels showed limited change over time, which resulted in very large sample size estimates. FDG-PET showed some decline and this resulted in reasonable sample size estimates. Of the cognitive measures, the smallest sample size estimate was obtained with the CDR-sob and ADCS-PACC without digit symbol test, which became the most abnormal over a time.
Across all predementia subjects, the inclusion criteria incorporating AD biomarkers considerably reduced sample size estimates. However, this was at the expense of an increase in the number of subjects needed to be screened, since only a subset of subjects with normal cognition or MCI have abnormal AD biomarkers. Still, despite the large numbersneeded-to-be-screened, a previous cost-benefit analysis showed that enriching trials by refining inclusion criteria with the use of a CSF Ab 1-42 /tau in MCI can reduce trial costs with 60%, because fewer subjects are needed to show an effect, and this outweighs the increased costs for screening [33] .
The observation that both in subjects with preclinical AD and in subjects with prodromal AD CSF Ab 1-42 decreased in stage-2 but not in stage-1, whereas 18 F-AV-45-PET changed in stage-1 but not in stage-2 suggests that these markers (in part) reflect different disease processes, although it should be noted that the slopes of change did not differ between stage-1 and stage-2 [34] .
In our fictive trial, we found reduced sample size estimates when enriching for AD biomarkers, and this is in line with sample size estimates from previous studies that used a similar fictive trial design approach. In preclinical AD, one study found that with CDR-sob and the MMSE score as outcome measure, the use of an abnormal amyloid marker for inclusion reduced sample size relative to cognitively subjects unselected for biomarkers although sample size estimates in that study were twice as high as in our study [5, 11] . Our observed lack of change on the PACC may limit its use as endpoint in preclinical AD trials with a 3-year duration. Longer trial durations are necessary to detect potential treatment effects on cognitive outcomes in preclinical AD (Supplementary Table 20) . A recent study using a subset of ADNI subjects with normal cognition showed that when constructing a cognitive composite measure using information from cognitive tests scores of those subjects who show clinical decline, the power to detect changes might be improved [35] . However, in subjects with preclinical AD this optimized composite measure showed only minimal change over time. Two other studies reported similar to our results a reduction of sample size estimates for hippocampal, ventricular and whole-brain volumes, and/or MMSE in prodromal AD compared with unspecified MCI [12, 36] . While another study found that sample sizes were smaller for prodromal AD stage-2 than prodromal AD [9] . In addition, APOE ε4 allele carriership as an additional risk marker might lead to even smaller size estimates [24, 36, 37] . Although these previous studies show that AD biomarkers can decrease sample size estimates, none of these studies have compared the impact on these estimates of amyloid, injury, and clinical outcome markers over different preclinical and prodromal AD stages. Our study further extents these findings, as we covered all predementia stages of AD and demonstrated that also the stages influence sample size estimates. 
Methodological issues
For our power calculation, we made several assumptions that might have influenced our findings. We used linear mixed models with random intercepts and a fixed slope to assess changes over time in outcome measures. The use of a fixed slope might have underestimated sample sizes because it does not take into account variability in slopes between subjects [7, 10] . In a post hoc analysis, we found that the use of random slope models indeed resulted in larger sample size estimates, although the model did not converge for several outcome variables ( Supplementary  Tables 3 and 4) . Also, for the present analyses we used effect sizes of 25%, which can be considered to be an upper bound for a relatively small, but clinically relevant effect size. Larger effect sizes provide smaller sample size estimations, and lower numbers needed to screen. For example, with a hypothetical reduction of 35% sample sizes would be 45% smaller (Supplementary Tables 14-17 ). In addition, we did not correct for age effects in our slopes' analyses, although these are likely to be present in cognitively normal subjects with normal AD markers [7, 10] . It can be argued that one should not correct age effects because it cannot be excluded that even in cognitively normal subjects, with normal AD markers at baseline, the change in outcome effects is still reflecting (in part) AD and which might lead to an underestimation of treatment effects. Still, we performed additional post hoc analyses correcting for age, and this resulted in increased sample sizes or, in the case of preclinical AD stage-1, were often not estimable (Supplementary Tables 5 and 6 ). Of note is that sample size estimates for MCI subjects in stage-1 and stage-2 increased for neuronal injury outcome measures and remained comparable for cognitive outcome measures. A similar effect has been reported by a recent study in another study sample [36] . Possibly this difference reflects that brain structural changes are more intertwined with aging, making it difficult to detangle age from disease processes. Cognitive outcome measures seemed to be less affected by aging, but this might also reflect the much slower pace of decline in preclinical AD for these measures. In our design, we chose to model a hypothetical trial in which a treatment effect would result in a reduced change, to illustrate the effect of different inclusion criteria and outcome measure on sample size estimates. Other sample size estimates would be obtained in designs that assume that treatment might result in biomarker or cognitive improvements. In our analysis, we combined amyloid and injury markers either based on CSF or PET markers, which might have influenced our results because these modalities might reflect different processes. Post hoc analysis in subjects with markers for both modalities showed that the concordance for amyloid status was 85% for subjects with normal cognition and 92% for subjects with MCI (Supplementary Table 7) , similar to previous studies [34, [38] [39] [40] . Concordance for preclinical stage-1 and stage-2 classification in subjects who were amyloid positive on both CSF and PET was 85% for preclinical AD and 50% for prodromal AD (Supplementary Table 8 ). Additional exploratory analyses for the subgroup of prodromal AD with classification using only CSF measures provided slope and sample size estimates largely comparable to the total group of stage-1 and stage-2 subjects (Supplementary  Table 19 ). We used FDG-PET as a neuronal injury marker, if amyloid was measured with a PET tracer. However, using two PET, markers may be impractical. We therefore repeated these analyses with hippocampal volume as a neuronal injury marker. We found a concordance of FDG-PET hypometabolism and hippocampal atrophy of 74% for subjects with normal cognition and of 64% for MCI patients (Supplementary Table 9 ). Slope and sample size estimates were largely similar (Supplementary Tables 10-13 ), suggesting that MRI-based hippocampal volume can be used as a more practical alternative to FDG-PET for neuronal injury definition.
Our findings show that the definition of predementia AD influences the effects that can be found for outcome measures. This has important implications for trial design. For our hypothetical trial in subjects with preclinical AD, the estimated sample sizes were smallest in subjects at stage-2, using volumetric markers as outcome measurement. In subjects with prodromal AD, the smallest sample size estimates were obtained when including subjects at stage-2, using brain volume and cognitive measures as outcome measurements. Although a change in cognition would be the most clinically relevant outcome, the estimated sample sizes required to demonstrate effects on such markers were about three to four times larger than estimates based on MRI markers. This highlights the need for novel cognitive tests that are more sensitive for cognitive decline in subjects with preclinical and prodromal AD [11, 41] 
